ABSTRACT: Fluorogenic probes are invaluable tools for spatiotemporal investigations within live cells. In common fluorogenic probes, the intrinsic fluorescence of a smallmolecule fluorophore is masked by esterification until entry into a cell, where endogenous esterases catalyze the hydrolysis of the masking groups, generating fluorescence. The susceptibility of masking groups to spontaneous hydrolysis is a major limitation of these probes. Previous attempts to address this problem have incorporated auto-immolative linkers at the cost of atom economy and synthetic adversity. Here, we report on a linker-free strategy that employs adventitious electronic and steric interactions in easy-to-synthesize probes. We find that X··· CO n→π* interactions and acyl group size are optimized in 2′,7′-dichlorofluorescein diisobutyrate. This probe is relatively stable to spontaneous hydrolysis but is a highly reactive substrate for esterases both in vitro and in cellulo, yielding a bright, photostable fluorophore with utility in biomolecular imaging.
■ INTRODUCTION
Fluorogenic probes with specific responses to physiological events or environmental conditions are invaluable for deciphering complex biological processes.
1 Masked probes are a class of fluorogenic probes in which a pendant functional group attenuates the fluorescence of a fluorophore.
2 Fluorescence is restored upon removal of the masking group by an enzymecatalyzed or uncatalyzed chemical reaction. In cell biological applications, masking groups are frequently designed to serve as substrates for esterases, 3 phosphatases, 4 azoreductases, 5 or cytochrome P450s. 6 Caged fluorophores (which are also known as photoactivatable fluorophores) are related but are activated instead by illumination at specific wavelengths. 7 Fluorogenic probes that are substrates for esterases are of special interest because they can be activated by an endogenous intracellular enzyme. 8 Conjugation of fluorogenic esteraseactivated probes to biomolecules can provide detailed spatiotemporal information about biomolecular uptake and localization in live cells. 3a, 9 These biomolecule−probe conjugates are, however, typically internalized by endocytic vesicles and can be exposed therein to acidity as low as pH 4.5, 10 making insensitivity to low pH essential to probe function.
Halogenation of xanthene dyes is a reliable strategy for altering spectroscopic properties and tuning dye pK a to match those desired for biological applications. Oregon green, which is a fluorescein derivative in common use, is fluorinated at the 2′-and 7′-positions. 11 Although fluorogenic probes based on fluorinated and chlorinated scaffolds are available from commercial vendors, little is known about the effects of halogenation on probe stability. Prior work with fluorinated derivatives demonstrated improved photostability, but accompanied by the accelerated spontaneous loss of masking groups. 12 In contrast, a report of an unusually stable chlorinated probe 13 suggested that halogens other than fluorine merit attention. With fluorinated Oregon green, destabilization of the masked substrate was thought to stem from inductive effects resulting in lowered pK a of the conjugate acid of the fluorescein leaving group. 8d Accordingly, design strategies for stable fluorogenic esterase probes have relied heavily on interjecting self-immolative linkers with a higher pK a between the low pK a fluorophore and the site of enzymatic cleavage (Scheme 1). acetoxymethyl (AM) ether, 8d,12 quinone methides, 14 and the trimethyl lock.
3a, 15 The beneficial stability provided by autoimmolative linkers does, however, come at the expense of a longer synthetic route to add atoms that are, ultimately, unnecessary.
The AM ether linker has a small size and facile synthetic accessibility compared to other auto-immolative linkers.
8d Still, AM ether masking groups are installed on fluorescein by Oalkylation, which often yields undesirable ether−ester mixed byproducts from O-alkylation of the 2-carboxyl group.
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Addition of a 6-amido group for bioconjugation exacerbates the problem by shifting the equilibrium away from the "closed" lactone form of a fluorescein derivative and toward the "open" quinoid form. Accordingly, we sought a simple "linker-free" probe.
Here, we combine electronic and steric effects to create linker-free fluorogenic probes with high hydrolytic stability, enzymatic reactivity, and photostability. We begin by characterizing the effects of ortho-halogenation to identify an optimal substitution pattern. Then, we identify an ideal acyl masking group after searching for a high rate of enzyme-catalyzed unmasking along with a low rate of spontaneous hydrolysis. The ensuing probe is small and readily accessible and has superior photostability and enzymatic unmasking kinetics in vitro and in cellulo relative to auto-immolative probes.
■ RESULTS AND DISCUSSION
Tuning Acyl Probe Stability with Halogenation. Previous reports have hinted at a role for halogenation in probe stability. 8d, 13 We pursued this strategy, synthesizing halogenated fluorescein diacetate probes 1a−e to characterize ortho-halogen effects (Scheme 2). 17 We began by assessing the spectrophotometric properties of the unmasked probes. The product of the extinction coefficient and the quantum yield (ε × Φ) accounts for both the amount of light absorbed by a fluorophore and its quantum efficiency. This product is directly proportional to the brightness of the dye. By this measure, the hydrolysis of chlorinated probe 1c provides the brightest fluorophore.
Next, we assessed spontaneous hydrolysis by incubating each compound in either a simple buffer or a mammalian cell culture medium. The observed rates of spontaneous hydrolysis for probes 1a−e varied with ortho substituents in the order F > H > Cl > Br > I (Figure 1) . Moreover, probes 1c−e exhibited increased stability relative to fluorinated probe 1b, despite their low pK a values ( Table 1 ), suggesting that inductive electronwithdrawal is not the dominant contributor to probe stability with larger halogen substituents.
We hypothesized that the resistance of probe 1c to hydrolysis was due to stabilization by a donor−acceptor interaction. Specifically, donation of a lone pair of electrons (n) from an ortho-halo group into the antibonding orbital of the adjacent carbonyl group (π*)an n→π* interaction 21 could decrease the electrophilicity of the carbonyl group by raising the energy of its π* orbital. 22 In addition, an intimate interaction with a halo group would shield one face of the acyl group from nucleophilic attack by water.
To characterize the interaction between the halo and acyl groups in 1a−e at higher resolution, we synthesized ohalophenyl acetates 2a−e (Scheme 3). Infrared carbonyl stretching frequencies can report on electronic effects on carbonyl groups, 23 including n→π* interactions. 24 We found that the introduction of ortho-halogens induced modest hypsochromic shifts in the carbonyl stretching frequencies of 2a−e with magnitudes in the order: Cl > Br > F > I > H, Scheme 2. Halogenated Fluorescein Diacetate Probes whereas the hypsochromic shifts observed in 1a−e followed the order: Br > F ∼ Cl ∼ I > H ( Table 2 ). The observed hypsochromic shifts in 2a−e follow a pattern similar to that of known rate constants for the hydrolysis of o-halophenyl acetates. 25 Still, hypsochromic shifts of 1a−e and 2a−e did not follow a pattern based simply on electron-withdrawal. Accordingly, we turned to quantum mechanical calculations to evaluate the origin of the anomalous hypsochromic shifts and their implication in the observed hydrolysis trends.
We used second-order perturbation theory calculations provided by Natural Bond Orbital (NBO) analysis 26 to assess possible n→π* interactions in compounds 2a−e. The stabilizing effects of n→π* interactions were pivotal for each compound but could not provide the sole explanation for the observed trends. The zenith in n→π* interaction energies (E n→π* ) occurs when X = Cl (Figure 2 ), suggesting that increasing the size of the halogen plays dichotomous roles. Every favorable n→π* interaction is counteracted, at least partially, by unfavorable Pauli repulsion between the lone pair and π bonding orbitala factor that is of increasing importance for larger halogen atoms. The steric exchange energy (ΔE X,CO ), which is the energetic penalty associated with the overlap of the lone pair and π bonding orbital, is substantial only in compounds bearing larger halo substituents: Cl (1c and 2c), Br (1d and 2d), and I (1e and 2e). Hence, we proceeded to assess in greater detail how n)(π Pauli repulsion contributes to the reactivity of the acyl masking groups in compounds 2a− e.
Potential energy surfaces can provide valuable insight into the interplay between n→π* interactions and n)(π Pauli repulsion. 22, 27 Favorable interactions dominate when the d X···C distance and θ X···CO angle between the halo and carbonyl groups provide sufficient orbital overlap for n→π* donation, generating a trough in the potential energy surface. This surface is manicured further by unfavorable steric interactions [e.g., n)(π Pauli repulsion] when the value of d is too small for a particular value of θ ( Figure S1 ).
To provide additional information, we calculated potential energy surfaces for compounds 2a−d by scanning the C a −C b − O−C c dihedral angle (Figure 3 ). The dominant feature in these surfaces is a trough in which n→π* interactions are favorable and steric repulsion is minimal. The most productive angle formed between an attacking nucleophile and carbonyl group for the formation of a tetrahedral intermediate is the Burgi− Dunitz trajectory. 28 Due to the covalent nature of n→π* interactions, energies are minimized near the Burgi−Dunitz trajectory. Moving along the Burgi−Dunitz trajectory (∼107°), the unfavorable n)(π interaction dominates until d ≈ 3.6 and 3.8 Å for X = Cl and Br, respectively ( Figure 3C ,D), which recapitulates the length of the C−X bond. When X = F ( Figure  3B ), the small van der Waals radii and weak overlap of 2p orbitals restrict favorable conformations to relatively small values of d and θ. In the absence of halo substituents, the surface has a singular trough ( Figure 3A ), unaltered by significant changes in steric repulsion. Thus, the observed trend in carbonyl stretching frequencies (Table 1) is a balance between n→π* interactions, n)(π Pauli repulsion, and throughbond inductive and resonance effects. These findings, in conjunction with spectroscopic attributes (Table 1) , anoint 2′,7′-dichlorofluorescein-based probes as having an optimal combination of stability and brightness.
Optimization of the Acyl Masking Group. Encouraged by the attributes endowed by 2′,7′-dichlorination, we suspected that tuning the sterics of the acyl mask group could enhance probe stability. In particular, an ideal acyl masking group could provide steric hindrance to spontaneous hydrolysis without slowing the rate of enzymatic cleavage.
29 Accordingly, we synthesized a small library of fluorogenic probes with various acyl masking groups (Scheme 4). Then, we assessed their susceptibility to spontaneous hydrolysis and enzymatic unmasking in vitro.
As expected, the combination of steric and n→π* stabilization in probes 3a−g reduced the rate of spontaneous hydrolysis significantly ( Figure 4A) . Nevertheless, the bulkier Table 1 . Inset: NBO orbital rendering of n→π* interactions in 2-chlorophenyl acetate (2c).
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Article acyl groups in probes 3c−g also diminished the rate of enzymatic hydrolysis in vitro ( Figure 4B ). The isobutyryl masking groups in probe 3b provided the best combination of increased stability (∼10-fold greater than that of fluorescein diacetate) and rapid enzymatic unmasking.
The resistance of probe 3b to spontaneous hydrolysis likely arises from a combination of electronic and steric effects. In its optimized geometry, one face of its ester carbonyl group is shielded from solvent water by an n→π* interaction with the ortho-chloro group (Scheme 5). The other face is shielded by a methyl group. These effects might be less detrimental to enzyme-catalyzed hydrolysis.
We evaluated the steady-state kinetic parameters for esterasecatalyzed hydrolysis of the probes ( Figure S3 ). Although the probes undergo two-step hydrolysis, full fluorescence is generated only after release of the second ester group. Accordingly, hydrolysis data can be reliably fit to the Michaelis−Menten equation to obtain apparent kinetic parameters. Chlorinated probes tended to interact more strongly with the enzymic active site than did unmodified or fluorinated probes (Table S1 ). The additional steric bulk in butyryl probe 3b had only a modest effect on the rate of 
Scheme 5. Optimized Geometry of the Butyryl Ester Moiety in Probe 3b
The (Table S1) .
Human esterases often exhibit higher substrate specificity than does pig liver esterase. 30 Accordingly, we sought to corroborate in vitro kinetic data with in cellulo data to ensure probe-applicability in human cells. Confocal images of live HeLa cells incubated with probes 3a−g confirmed the trends observed in vitro ( Figures 4C and 5) . Additionally, probe 3b showed enhanced rates of enzyme-catalyzed unmasking compared to the analogous AM ether probe (AM). Finally, we monitored the fluorescence of the 2′,7′-dichlorofluorescein scaffold in live cells under constant illumination and found that probes based on this scaffold have superior photostability ( Figure S4 ).
■ CONCLUSIONS
We have described a new strategy for stabilizing esteraseactivated fluorogenic probes. An n→π* interaction between an ortho-halogen and pendant acyl group in 2′,7′-fluorescein diacetate deters spontaneous hydrolysis. n)(π Pauli repulsion from larger halo groups limits the benefit that can be gained from this n→π* interaction, and an optimum is achieved with chloro-substitution. Spontaneous hydrolysis is deterred further with little effect on esterase-catalyzed cleavage when the esters derive from isobutyric acid rather than acetic acid. Thus, 2′,7′-dichlorofluorescein diisobutyrate is a simple linker-free probe derived by optimizing electronic and steric effects.
■ EXPERIMENTAL SECTION
General Information. Phenyl acetate (2a), 2-iodophenyl acetate (2e), and all other commercial chemicals were from Sigma−Aldrich (St. Louis, MO), Fischer Scientific (Hampton, NH), or Alfa Aesar (Haverhill, MA) and were used without further purification. Porcine liver esterase (PLE) was from Sigma−Aldrich.
Chemical reactions were monitored by thin-layer chromatography (TLC) using EMD 250 μm silica gel 60-F 254 plates and visualization with UV illumination or KMnO 4 -staining. Flash chromatography was performed with a Biotage Isolera automated purification system using prepacked SNAP KP silica gel columns.
All procedures were performed in air at ambient temperature (∼22°C ) and pressure (1.0 atm) unless specified otherwise. The phrase "concentrated under reduced pressure" refers to the removal of solvents and other volatile materials using a rotary evaporator at water aspirator pressure (<20 Torr) while maintaining a water-bath temperature below 40°C. Residual solvent was removed from samples at high vacuum (<0.1 Torr), which refers to the vacuum achieved by a mechanical belt-drive oil pump.
All fluorogenic probes and fluorescent molecules were dissolved in spectroscopic grade DMSO and stored as frozen stock solutions. For all applications, DMSO stock solutions were diluted such that the DMSO concentration did not exceed 1% v/v.
Instrumentation. Absorbance data were acquired with an Agilent Cary 60 UV−vis spectrometer. Hydrolysis kinetics were measured with a Tecan Infinite M1000 plate reader. All other fluorescence data were acquired with a PTI QuantaMaster spectrofluorometer. Optical Spectroscopy. UV−visible and fluorescence spectra were recorded by using 1 cm path length, 4 mL quartz cuvettes or 1 cm path length, 1 mL quartz microcuvettes. Analyte solutions were stirred with a magnetic stir bar. Quantum yields were determined by referencing probe solutions to fluorescein (λ ex = 495 nm; Φ = 0.95) in 0.1 M NaOH (aq) .
FT-IR spectra were recorded on compounds solvated with a minimum quantity of dichloromethane or dimethyl sulfoxide, and sandwiched between two sodium chloride windows. FT-IR spectra were collected with 128 scans at 1200−3500 cm −1 and a resolution of 2 cm −1
. A background spectrum was taken of the solvent alone every 20 min. Plates were washed with acetone (3×) after recording the spectrum of each compound.
Spontaneous Probe Hydrolysis. Probe stocks were diluted to a final concentration of 5 μM in 300 μL of either 10 mM HEPES− NaOH buffer, pH 7.3, or OptiMEM containing FBS (10% v/v). Fluorescence was measured with a plate reader (Costar 96 well clear bottom, bottom measurement mode) at 30 min intervals for 72 h. Hydrolysis data were fitted to single-phase decay curves with GraphPad Prism software.
PLE-Catalyzed Probe Hydrolysis. PLE (168 kDa, ≥15 units/mg solid) was suspended in 10 mM HEPES−NaOH buffer, pH 7.3, and diluted to appropriate concentrations before use in protein LoBind tubes from Eppendorf. Initial rate measurements for each probe were acquired, and the resulting data were fit to the Michaelis−Menten ImageJ software from the National Institutes of Health (Bethesda, MD) was used for all image processing, signal quantification, and colocalization measurements. 31 In Cellulo Probe Hydrolysis. HeLa cells in 8-well microscopy slides were incubated with a 5 μM probe for 15 min, and counterstained with Hoechst 33342 (2 μg/mL) for 10 min at 37°C
. Cells were washed twice and imaged with a confocal microscope. The background-subtracted cell fluorescence signal was quantified in each image.
Photobleaching. HeLa cells in 8-well microscopy slides were incubated with 5 μM of 1a, 1b, or 1c for 15 min, and counterstained with Hoechst 33342 (2 μg/mL) for 10 min at 37°C. The cells were washed twice and imaged with a confocal microscope using a 488 nm filter set. Images were acquired every 2 min with continuous, constantintensity illumination between acquisitions. The normalized fluorescence signal was quantified with ImageJ software and plotted in Figure S4 .
Computational Procedures. Geometry optimization calculations were performed with Gaussian 09, revision D.01, with the functional M06-2X and 6-311+g(2d,p) basis set. 32 Frequency calculations were performed to ensure that the optimized structure was at a true minimum. All calculations were performed in water with the integral formalism polarizable continuum model (IEFPCM implicit solvent model as implemented in Gaussian 09). Potential-energy surfaces were generated by varying the C a −C b −O−C c dihedral using a relaxed scan. All calculations performed on systems containing iodine were done by using the Stuttgart relativistic electron core potential for treating iodine, whereas the 6-311+g(2d,p) basis set was used for all other atoms. NBO calculations were performed with NBO 6.0. 26 The pairwise steric exchange energy (ΔE X,CO ) between the lone pair of a halo group and the π orbital of a carbonyl group was calculated using natural steric analysis as implemented in NBO 6.0. All energies include zero-point corrections.
2′,7′-Dichlorofluorescein. 4-Chlororesorcinol (14.4 g, 99.6 mmol) and phthalic anhydride (7.3 g, 49.3 mmol) were dissolved in MeSO 3 H (50 mL), and the resulting solution was heated at 90°C for 24 h. After cooling to room temperature, the reaction mixture was added slowly to 1 L of stirred ice water. The resulting suspension was filtered and triturated with cold water to afford 2′,7′-dichlorofluorescein as a yellow solid (18.1 g, 90.7% yield).
1 H NMR (500 MHz, (CD 3 ) 2 SO, δ): 11.08 (s, 2H), 8.01 (d, J = 7.7 Hz, 1H), 7.82 (t, J = 7.7 Hz, 1H), 7.75 (t, J = 7.6 Hz, 1H), 7.34 (d, J = 7.7 Hz, 1H), 6.91 (s, 2H), 6.66 (s, 2H). 13 
